Abstract The uncharacterized gene KIAA1109 has recently been associated with a congenital neurological malformation disorder that variably presents with arthrogryposis, craniofacial and/or cardiac abnormalities. We have identified two additional patients with compound heterozygous KIAA1109 variants presenting with the same neurological malformations. The mechanism whereby KIAA1109 loss of function causes this spectrum of disorders was the primary focus of our studies. We hypothesized that KIAA1109 function could be conserved relative to the fly gene tweek and examined endocytosis and endosome recycling in patient fibroblasts. Furthermore, we examined the structure of the cytoskeleton and cilia based on functional overlap with endocytosis and several known etiologies for neuronal migration disorders. Utilizing primary dermal fibroblasts from one patient and a healthy donor, we performed immunofluorescence and endocytosis assays to examine the endosomal, cytoskeletal, and ciliary cellular phenotypes. We found notable abnormalities in endosomal trafficking and endosome recycling pathways. We also observed changes in the actin cytoskeleton and cilia structural dynamics. We conclude that the function of KIAA1109 in humans may indeed overlap with the function of the Drosophila ortholog, resulting in perturbations to endosomal trafficking and the actin cytoskeleton. These alterations have ripple effects, altering many pathways that are critical for proper neuronal migration and embryonic development.
Introduction
Clinical implementation of next generation sequencing has led to an increase in the rate of identification of candidate genes for rare genetic disorders. However, many of these novel disease-associated genes may be functionally uncharacterized. These emerging genotype-phenotype associations present a unique opportunity to study uncharacterized genes, elucidating the functional role of the gene products in both the healthy and disease state. By studying these rare conditions, we are able to expand our knowledge of basic biology and gain insight into the pathologic mechanism of disease.
To this end, we have identified two brothers from nonconsanguineous African-American parents with novel variants in the gene KIAA1109 and have performed functional studies to begin to understand the cellular etiology of disease. The patients presented with neurologic malformations, severe developmental delay and hypotonia requiring assisted ventilation and feeding by gastronomy tube. A large cohort of patients with KIAA1109 variants was recently published, 1 all with marked phenotypic similarities to the patients reported herein.
The human KIAA1109 gene localizes to the long arm of chromosome 4 and encodes a protein of 5005 amino acids with a predicted molecular mass of 555.5 kDa. Aside from association with the newly described arthrogryposis and neurological malformation syndrome, 1 this gene has been associated with connective tissue cancers and is thought to function in the regulation of epithelial growth and differentiation (NCBI). Genome-wide association studies have also linked this locus to inflammatory conditions affecting the gastrointestinal tract, type I diabetes and rheumatoid arthritis, 2e6 though this may be due to KIAA1109 linkage with genes IL2 and IL21. Animal models of KIAA1109 orthologues have implicated those proteins in spermatogenesis and adipocyte differentiation, 7 epithelial differentiation and inhibition of tumor development, 8 and synaptic vesicle recycling. 9 However, the function of the human protein and its proposed relation to a severe neurologic developmental disorder with joint contractures remains to be elucidated.
Functional studies of animal models have begun to elucidate the role of KIAA1109 orthologues. Knockout of the Drosophila melanogaster gene tweek results in a neurologic defect consistent with abnormal synaptic vesicle recycling and decreased endocytosis at the presynaptic neuron. 9 Tweek protein has also been shown to play a role in neuromuscular junction morphology by affecting the function of Wiscott-Aldrich syndrome protein (WSP) and Nervous Wreck (NWK). 10 Collectively, these studies connect tweek protein function to neurologic function within both the central and peripheral nervous systems.
Endocytosis and recycling of endocytic vesicles are vital for cellular membrane homeostasis and must be appropriately balanced. Upon internalization, endocytic vesicles must be sorted to their appropriate destination. For example, some internalized receptors must be trafficked to an acidic compartment to mediate ligand release; others will be shuttled back to the plasma membrane. Regulation of plasma membrane dynamics and lipid composition via endocytosis and endosomal recycling play a key role in many cellular processes including cell migration and signal transduction. 11 Endocytosis occurs via multiple mechanisms, but commonly converge on trafficking to an early endosome followed by the sorting endosome where cargoes are selected for one of three potential destinations: lysosomal degradation via Rab7-mediated transport, Rab4-dependent rapid recycling to the plasma membrane, or slower recycling through the recycling endosome and ultimately through Rab11-or Rab8-mediated transport to the plasma membrane. 11, 12 The precise mechanisms determining which cargoes will be sorted to which destination are complex and employ a wide range of accessory proteins.
The mechanisms underlying multiple neurologic malformations have been elucidated by genetic and molecular analyses. Mutations in genes encoding microtubule (MT) proteins, MT-regulatory or MT-based motor proteins, a transcription factor, a cyclin-dependent kinase, very low density lipoprotein receptor, and multiple actin proteins have been associated with neurologic disorders and malformations including lissencephaly, polymicrogyria, and microcephaly. 13, 14 Within each sub-type of neurologic malformation, multiple genes mapping to different predicted functional pathways have been implicated. It is of interest that a significant number of these genes map to the cytoskeleton and transmembrane signaling pathways, either directly or indirectly through protein glycosylation, mTOR signaling, or ciliary function.
14 Indeed, the ciliopathies are known to present with a number of neurologic malformations including the molar tooth sign, Dandy Walker malformation, and agenesis of the corpus callosum. 15 In this manuscript, we describe the clinical presentation and molecular findings for two male siblings with KIAA1109 variants. We describe preliminary functional studies performed on fibroblasts isolated from the proband in an attempt to unravel the mechanism of disease due to KIAA1109 deficiency.
Methods

Patient recruitment
Patients A and B and their parents were enrolled in the Inova Institution Review Board (IRB# 15-1816) and Western Institutional Review Board (WIRB #20121680) approved protocol "The Incidence and Burden of Congenital Anomalies, Genetic Disorders and Genetic Suspicion in Neonatal and Pediatric Patients." Informed consent for participation in this research study as well as release for publication of photographs were obtained at the time of subject enrollment.
Cell culture
Primary fibroblasts were isolated from skin biopsy obtained during gastronomy tube placement surgery for patient B. Primary dermal fibroblasts were obtained by enzymatic digest of the biopsy with collagenase as previously described. 16 Cells were maintained in high glucose (4.5 g/L) DMEM (ThermoFisher Scientific, 11965118) supplemented with 15% heat-inactivated fetal bovine serum (ThermoFisher Scientific, 16140071) and 1% of antibiotic/antimycotic (ThermoFisher Scientific, 11965118) and incubated at 37 C in 5% CO 2 . Control cells, PCS-201-010 (PCS Ctl), were obtained from ATCC; lot # 61779201 was obtained from a neonatal foreskin sample donated from a healthy African American male.
KIAA1109 transcript analysis
Patient and control fibroblast lines were grown in 10 cm round dishes and sub-confluent cultures were collected in PBS, then transferred to PaxGene (PreAnalytiX) tubes for total RNA isolation with the QiaSymphony (Qiagen) using Ambion MagMax RNA Isolation kit (Thermo Fisher Scientific) per manufacturer's protocol. RNA was then further purified and concentrated using a ZR-96 RNA Clean & Concentrator kit (Thermo Fisher Scientific) prior to quantification by NanoDrop spectrophotometry (Thermo Fisher Scientific). A total of 200 ng total RNA was reverse transcribed using the VILO SuperScript cDNA synthesis kit (Thermo Fisher Scientific). Quantitative real time PCR was performed with 200 ng of cDNA, using Power SYBR Green master mix (Thermo Fisher Scientific) and two sets of primers spanning exons 20-21 in KIAA1109 mRNA (primer sequences available upon request). Thermal cycling was performed on a BioRad CFX96 and expression analysis was performed with the CFX Manager software (BioRad).
Sequencing of cDNA was performed with four primer sets, each set spanned a unique exon range of either 5-7, 5-9, 5-10 or 6-7 (primer sequences available upon request) to determine allele specific expression and assess splicing. PCR was performed with AmpliTaq Gold 360 reagents (Thermo Fisher Scientific) with a touchdown thermal cycling program with annealing temperature ranging from 61 C to 51 C followed by ExoSap (Thermo Fisher Scientific) purification and BigDye Terminator v3.1 Cycle Sequencing Kit for Sanger sequencing. Samples were run on an Applied Biosystems 3500xL genetic analyzer (Thermo Fisher Scientific) per the manufacturer's protocol. Sequences were analyzed using Sequencher software (GeneCodes).
Dextran endocytosis assay
Dextran labeling experiments utilized fixable Dextran, Alexa Fluorä 555 (Thermo Fisher Scientific, D34679) at a 1 mg/mL final concentration. Cells were incubated with the dextran in serum-rich media for 2.5 h to saturate trafficking pathways. The cells were then washed four times with serum-rich media without dextran, then incubated for 0, 5 or 10 min with serum-rich media to "chase" the dextran label inside the cells. Unstained cells were grown in serumrich media and subjected to similar washes. Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 15710) for 20 min, and then washed in phosphatebuffered saline (PBS) prior to immunofluorescence staining.
Ciliogenesis and resorption
To induce cilia formation, cells were grown directly on sterile round cover glass in a 24-well dish. Within 18e24 h after plating in serum-rich media, the cells were washed twice with PBS, then cultured for an additional 48 h in serum-free DMEM. To induce cilia resorption, the media was replaced with serum-rich media for the indicated time points. Cells were fixed with ice-cold methanol for 20 min prior to immunostaining for ciliary proteins. Experiments were repeated in triplicate with >100 cells scored for ciliation at each time point.
Immunofluorescence
Immunofluorescence experiments utilized 4% bovine serum albumin (BSA, SigmaeAldrich, A7030) in PBS as blocking reagent and antibody diluent. Where necessary, fixed cells were permeabilized with 0.1% Triton-X 100 in PBS prior to blocking. Dextran labeled cells were not permeabilized, but utilized 0.05M glycine in the blocking media. Actin filaments were labeled with Alexa-647 conjugated Phalloidin dyes (ThermoFisher Scientific, A22287) per the manufacturer protocol. Primary antibodies used were anti-Alpha tubulin 
Cellular imaging and analysis
Stained cells were imaged on a Zeiss LSM700 confocal microscope at 20x magnification with uniform imaging conditions for patient and control cells. Z-stack images spanning the full range of fluorescence signal with 1 mm slices were processed to 2D maximum intensity projections prior to image analysis. Cilia analysis was performed by manual counting of ciliated and non-ciliated cells and length measurement in FIJI. 17 Cilia were defined as ARL13B positive structures adjacent to one or more gamma-tubulin positive puncta with a minimum length of 1 mm. Images of the endosomal pathway and dextran assay were analyzed using Cell Profiler 18 with customized pipelines developed and adjusted to the unique parameters of each set of stains utilized (see supplemental methods for details of Cell Profiler pipelines). In brief, each pipeline imported color images for each channel, converted the images to grayscale then identified primary objects based on the stain utilized for each specific image. Nuclei were defined by Hoechst staining, endosomal compartments by their respective stains and Dextran-positive puncta by dextran fluorescence. Where utilized, actin and alpha-tubulin were used to define the borders for secondary objects, the cell body, based on the primary nuclei. When not available, cell borders were defined based on a lower threshold of endosomal marker stains and these parameters were adjusted specific to each staining experiment, trained on control cell images and used consistently for both patient and control images. 
Statistical analysis
Statistical analyses utilized the Student's t-test with twotailed, two-sample heteroscedastic parameters. Significance was determined based on p < 0.025. Where shown in the figures, error bars represent the standard error of the measurement average.
Results
Case report
The older male sibling, "patient A," was a product of the fourth pregnancy of a healthy, 34-year-old mother (Fig. 1A) . The parents had a healthy older daughter (age 7 years at time of birth of patient A) and a history of two first trimester miscarriages. Routine prenatal anatomy ultrasound revealed a brain malformation, and subsequent fetal MRI documented underdevelopment of the brain stem and lack of normal gyria. The infant was born at full term (39 weeks gestational age) via C-section, at w3rd percentile for weight. After birth, diffuse hypotonia and congenital cataracts were noted. Joint contractures were not present. Postnatal brain MRI (at less than one month of age) demonstrated extensive cerebellar dysplasia, a hypoplastic midbrain, abnormal segmentation of the pons and medulla, extensive cortical dysplasia/polymicrogyria in the sylvian regions, severe hypogenesis of the corpus callosum, small abnormal lens, and hypoplastic ring of C1 with resulting mild upper cervical stenosis. By about 2 months of age, failure to thrive was noted. At 4 months of age, he developed seizures (EEG showed focal seizures in left frontal temporal region) with hypsarrhythmia noted at 6.5 months. At 7 months of age, the patient was found to have severe oropharyngeal dysphagia after a choking episode that led to aspiration, respiratory distress and apnea. Subsequently at 9.5 months of age, a tracheostomy and g-tube were placed for respiratory failure and poor feeding, respectively. Currently, at 23 months of age, the patient remains with a tracheostomy and is g-tube dependent for nutrition with a profound lack of development (Fig. 1B) . He has been frequently hospitalized due to complications from tracheostomy and/or viral illnesses. The younger male sibling, "patient B," was born via Csection at 35 weeks 5 days gestation due to maternal preeclampsia. There were no fetal concerns during the pregnancy. Patient B was transferred to the NICU soon after birth due to hypothermia. On initial examination, hypertonia with clenched fists and congenital cataracts were noted. Joint contractures were not present in patient B. Head ultrasound at 10 days was abnormal, showing absent corpus callosum, ventriculomegaly and markedly irregular appearance of the lateral ventricles. Brain MRI on the same day demonstrated numerous developmental anomalies, including polymicrogyria, enlarged ventricles secondary to white matter volume loss, inferior vermin hypoplasia, pontine hypoplasia, congenital cataracts, and small optic nerves ( Fig. 1D and E) .
Patient B showed poor feeding with aspiration due to severe pharyngeal dysphagia by 18 days of life. He developed seizures at 61 days. After being hospitalized at 78 days for multiple apneic episodes, a tracheostomy and g-tube were placed due to respiratory failure and persistent dependence on artificial feeding methods (Fig. 1C) . During this surgical procedure, a small biopsy of skin was collected to propagate primary fibroblasts for functional studies. At 12 months of age at last contact, patient B is profoundly developmentally delayed and requires extensive medical attention.
Differential diagnoses for these patients included potential neuronal migration disorders and atypical ciliopathy presentation. However, clinical exome sequencing by GeneDX (Gaithersburg, MD) identified only one pair of compound heterozygous variants with proper segregation in both affected brothers and their parents. These variants in the gene KIAA1109 were classified as variants of uncertain significance. The paternally inherited allele encoded for a premature termination codon (NM_015312.3:c.13123C>T; p.(Arg4375*)); to date, this nonsense variant is the closest to the C terminus end of the protein described. The maternally inherited allele encoded two missense variants in cis (NM_015312. 21 ). Neither allele affects any known or predicted domains in KIAA1109 protein. Splicing prediction tools generated conflicting results as to whether the maternal variants could alter splicing, but at least one predicted alternative splice site results in a frameshift (Table S1 ).
Functional studies
Quantitative real-time PCR on total mRNA extracted from fibroblasts showed an approximately 60% reduction in KIAA1109 transcript levels in the patient relative to control (Fig. 1F) . Expression variability across technical replicates ranged from 12.1% in control to 3.5% in patient samples for primer set 1, and 9.8% in control to 8.2% in patient samples for primer set 2. Overall, this averages to a range of 30e50% residual mRNA expression in the proband. Sequencing of the residual KIAA1109 transcripts across the region encoding the maternal missense variants showed stable expression from both the maternal and paternal alleles ( Figure S1 ). Cloning and colony sequencing of regions flanking both the paternal and maternal variant sites from primary fibroblast cDNA showed roughly 20% of the clones sequenced encoded the paternal variant and 72% of the clones encoded the maternal variant ( Table 1 ). The cloned constructs (spanning exons 5-9 and 5-10) show no evidence of aberrant splicing flanking the maternal variants. Taken together, these data suggest that the paternal allele encodes a destabilized mRNA which partially evades nonsense mediated decay (NMD), contributing to reduced total KIAA1109 transcript levels. We conclude that any misspliced mRNA from the maternal allele is efficiently targeted for NMD and thus is undetected by our methods.
Confirmation of two deleterious alleles in KIAA1109 and review of the literature suggested endocytosis could be affected in these patients. 9 Analysis of the endocytic pathway by immunofluorescence showed an increase in independent foci with both the early endosome marker EEA1 and lysosomal protein LAMP3 (Fig. 2A, B and C) . Staining for late endosome marker Rab9 showed no significant differences between cell types (Fig. 2D) . These steady-state images suggested a defect in early endocytic trafficking with an increase in lysosomes, but with no effect on late endosomes.
Endosomal trafficking was more closely examined by staining for endosomal recycling markers Rab4 and Rab11 as well as lysosomal trafficking protein Rab7. Rab4, a key protein in fast endosome recycling, showed an increase in average punctum size in patient cells (Fig. 3A i-ii and B) with no significant difference in overall puncta count per cell (data not shown). Rab11, a marker for slow endosome recycling, showed a decrease in punctum size in patient cells (Fig. 3A i -ii and C) with a modest increase in number of puncta per cell versus control (p Z 0.029, data not shown). Rab7, a key factor in transporting endocytosed cargo to the late endosome and lysosome, showed significantly more puncta and larger punctum size in patient cells versus control cells (Fig. 3A iii-iv, D and E). Taken together, these data indicate an increase in trafficking toward lysosomal degradation in KIAA1109 mutant cells with a defect in trafficking through the slow endosomal recycling path.
Endocytosis was further studied in patient and control cells by labeling with fluorescent dextran and examining the ability of the cells to traffic endocytosed dextran through the early and late endosomes as well as recycling endosomes. After saturating the endocytic pathway with fluorescent dextran, cells were fixed after 5 and 10 min in dextran-free media. The two "chase" time points were selected to observe trafficking of the endocytosed material within patient cells relative to the endocytic compartments. We observed a brighter overall dextran signal in patient cells at both 5 and 10 min time points of the assay (Fig. 4A) . Furthermore, we observed more correlation of the dextran with early endosomal marker EEA1 in patient and control cells at both 5 and 10 min (Fig. 4B) . Representative micrographs for the 5 min chase time point are shown in Fig. 4C for all endosomal markers assayed in both Patient B (Pt. B) and control (PCS Ctl) cells.
Correlation between the dextran and various endosomal markers was examined at 0, 5 and 10 min. Surprisingly, at both 0 and 5 min chase, dextran showed an increased correlation with Rab11 in patient cells (Fig. 4D) , despite the decrease in Rab11 puncta size in these cells (Fig. 3C ). An increase in correlation for patient cells was also seen for the fast recycling compartment initially (Rab4, Fig. 4E ), but not at later time points. Late endosomal marker Rab9 showed decreased correlation in control cells at 0 min, slightly increased correlation at 5 min, but equivalent correlation at 10 min. Rab7 showed increased correlation in patient cells only at the initial time point of the assay, with no significant differences between patient and control at 5 or 10 min (Fig. 4G) . These data suggest a defect in vesicular trafficking in patient cells vs. control, with an accumulation of dextran in the patient cells and a higher amount of dextran in all endocytic compartments initially, with prolonged retention in the early endosome.
As neuronal migration disorders and ciliopathies were initially considered in the differential diagnosis, we considered if the putative role of KIAA1109 protein in endocytosis may also intersect with the function of the cytoskeleton or cilia. Vesicular trafficking, particularly Rab11 slow-endosome recycling, is dependent upon the actin cytoskeleton. 22 Likewise, endocytosis and vesicle recycling is critical for maintenance of the ciliary pocket and ciliary membrane composition. 23, 24 Vesicle trafficking is also critical for formation of the cilia, with Rab11 playing a prominent role in early cargo delivery. 25 We examined the actin cytoskeleton in the primary fibroblasts from patient B. Staining of actin filaments with phalloidin consistently resulted in apparently weaker signals in the patient cells versus control fibroblasts (Fig. 5A iii) , with a qualitative decrease in actin stress-fiber prominence. This was quantified by automated image analysis, confirming an increase in distinct actin fibers and overall staining intensity in control cells relative to patient B ( Figure S2 A and B) . Alpha tubulin staining showed no remarkable qualitative differences in Patient B and control cells (Fig. 5A iii-iv). We next subjected the patient cells to a ciliogenesis assay with ciliary resorption. We found no significant differences in the frequency of ciliated cells after 48 h of serum starvation (Fig. 5B ), but observed a more rapid resorption of the cilia in patient cells upon reentry into the cell cycle (Fig. 5B, þFBS 2hr time point, p < 0.01). Furthermore, the average cilium length in patient cells was 4.6 mm versus 3.7 mm in control cells (Fig. 5C, p < 0.01) . These data suggest the patient cells can form cilia, but show an increase in cilia dynamics leading to longer cilia and more rapid resorption. Whether or not the patient's cilia are functionally compromised remains to be tested.
Discussion
In this study, we reported two male siblings with biallelic KIAA1109 variants, with phenotypic similarities to previously reported cases. 1 These siblings carry two unreported variant alleles in KIAA1109, expanding the genotypes associated with this neurological and developmental disorder. Our patients present with similar brain malformations to the 13 previously reported patients as well as hypotonia and severe developmental delay, and congenital cataracts. There are, however, notable phenotypic differences to the published cohort of patients. Both patient A and B lack joint contractures or club foot as well as cardiac anomalies, which were seen in at least half of the 1 Less frequent issues involving craniofacial development are also absent in our two patients. It should be noted that the paternally inherited nonsense mutation in our patients occurs more 3 0 than other reported variants, potentially resulting in increased residual function from this specific allele. The maternally inherited missense variants are in a more 5 0 region of the mRNA, distal to the other reported missense variants that are more centrally clustered in the coding region of KIAA1109. It is also unclear whether one or both of the maternally inherited missense variants contribute to the KIAA1109-deficiency phenotype. Both variants are absent from public databases (dbSNP, gnomAD, NHLBI ESP, etc.) and both are predicted to alter the protein function. Both paternal and maternal alleles appear to encode partially unstable mRNA, resulting in only 40% residual transcript levels in the patient fibroblasts relative to control cells, with biallelic expression at the transcript level ( Figure S1 ). Cloning showed that 20% of the stable transcripts contained the paternal variant and 70% contained the maternal variants (Table 1) . Given the persistence of some mRNA encoding the paternal variant, we propose that the maternal allele may also be destabilized, though the vast majority of residual mRNA arises from the maternally inherited allele. The paternal allele may partially evade nonsense mediated decay due to exon-junction proximity. 26 The second variant in the maternal allele (c.683A>G) was predicted by Human Splicing Finder 27 to alter mRNA splicing (Table S1, 3 0 variant), resulting in a frameshift and premature termination, though we did not observe any evidence of exon skipping (Table 1) .It is possible that any misspliced mRNAs are efficiently targeted for NMD. Ultimately, whether one or both maternal variants contribute to the patients' phenotype is unclear. Further efforts to delineate the degree of functional impact of the known KIAA1109 missense variants should be considered to expand our understanding of the genotype-phenotype correlation in these patients.
The presence of null allele variants in public database such as gnomAD (Probability of loss-of-function intolerance (pLI) Z 0.00) suggest that KIAA1109 is tolerant to heterozygote loss of function variant and therefore haploinsufficiency or simple reduction of mRNA level of KIAA1109 may not be sufficient to explain patient phenotype.
In light of this cohort of patients with biallelic KIAA1109 variants, we sought to address how pathogenic variants in KIAA1109 induce abnormal molecular and cellular functions responsible for the phenotype observed in these patients. We approached the potential mechanism of disease in two ways. First, we considered putative conserved KIAA1109 protein function from what is known from animal models, specifically vesicle recycling and endocytosis. Second, we considered the phenotypic overlap with disorders of neuronal migration, which suggested the cytoskeleton or even cilia might be impacted in the patient cells. For this, we examined these cellular processes in our patientderived dermal fibroblasts.
Our analysis of endocytosis and trafficking showed differences between control and patient cells. The increase of early endosomes and lysosomes suggest a defect in trafficking through the early endosome and a potential upregulation of trafficking to the lysosome. The lysosome may or may not have compromised function, resulting in an abundance of the lysosome membrane protein LAMP3. The localization of endocytosed dextran with multiple endosomal trafficking components shows there is some retained trafficking functionality in the patient cells, but accumulation of a specific marker for the early endosome and prolonged correlation with this marker suggest a deficiency in efficient trafficking/sorting of endocytosed cargo out of this structure.
In addition, we observed qualitative and quantitative differences in the actin-based cytoskeleton with no observable differences in microtubule structure at steady state. Expression of mutant smooth muscle alpha actin (ACTA2) has been shown to reduce the prominence of actin stress fibers in fibroblasts, 28 similar to what we observe in patient B fibroblasts upon staining with phalloidin (Fig. 5) . However, loss of beta actin in mouse cells results in an increase in stress fiber formation and a skewing toward Factin over G-actin 29 ; these studies mimic a form of Baraitser-Winter syndrome (BWS), which presents with pachygyria, microcephaly and corpus callosum dysgenesis. Taken together, these findings suggest an appropriate balance of F-and G-actin is critical for cellular function. Our observation introduces the possibility that deficiencies in the actin cytoskeleton are contributing to the pathogenesis of KIAA1109-associated neurological disorder and further study on the potential interaction between KIAA1109 protein and actin should be pursued.
We found no significant changes in ciliated cell frequency. However, similar to what we have observed in our patient cells, more rapid ciliary resorption has been seen in a ciliopathy model due to INPP5E loss of function.
23 INPP5E encodes inositol polyphosphate-5-phosphatase E, which acts to remove the 5-phosphate from poly-phosphorylated inositols, reducing the amount of these lipids in cellular membranes. 30 Thus, it is possible that the KIAA1109 mutations are affecting ciliary function through a putative conserved role in regulating phosphatidyl-inositol levels, as has been suggested for tweek, the Drosophila ortholog of KIAA1109.
9,10
We suggest a model whereby KIAA1109 deficiency alters cargo sorting through the early or recycling endosomes, with a pronounced effect on the slow recycling pathway as marked by Rab11-dependent vesicle recycling. This finding is consistent with the proposed function of tweek in synaptic vesicle recycling. This results in an increase cargo load through Rab4 fast recycling endosomes and Rab7-targeting to the lysosome. Generation of branched actin fibers and F-actin are important factors in efficiency cargo sorting and trafficking in the endo-lysosomal pathway, with a well-established role for the WASP-family of proteins (in conjunction with the retromer complex) in cargo sorting, with neuronal WASP (N-WASP) playing a role in vesicular trafficking through the cytoplasm.
31e33 WASP activity in the neuromuscular junction is dependent upon tweek activity. 10 While KIAA1109 has not been shown to interact with any of the WASP family members, it is possible that KIAA1109 loss of function could indirectly influence the function of these proteins and complexes. Tweek mutants have been shown to have an abnormal balance of phosphatidylinositol phosphates (PIPs) (PI(3,4,5)P 3 , PI(4,5)P 2 , PI(4)P, etc). 9, 10 Members of the WASP family, particularly N-WASP, require PI(4,5)P 2 to facilitate actin-nucleation. 33 Whether KIAA1109 can directly interact with any WASP family members or the enzymes involved in PIP synthesis bears further study. Levels of PI(4,5)P 2 and conversion into tri-and mono-phosphorylated species are critical factors in endocytosis in conjunction with actin polymerization and dynamics. 34, 35 Regulation of endocytosis and endosome recycling are key processes for ciliary function and stability. Multiple signaling pathways act through receptors on primary cilia and these receptors must be internalized and recycled back to the ciliary pocket to regulate activation of these pathways 24, 36, 37 Endosome proteins are increasingly shown to play a role in regulating membrane turnover of the primary cilium.
36e38 Multiple Rab proteins, including Rab11, are critical for vesicle targeting and fusion at the ciliary membrane, as well. 23, 25 Thus, disruption of endocytosis and endosome recycling is likely to result in disruptions in ciliary function or structure. Our observation of elongated cilia structure and more rapid resorption of cilia suggest an altered homeostatsis of ciliary membranes. Paired with our observations of increased retention of endocytosed material in early endosomes, this suggests a defect in sorting endocytic vesicles to either be recycled (via fast or slow pathways) or degraded. Rab11-dependent slow recycling of endosomes requires actin-based transport to target recycled cargo back to the appropriate cellular membrane. 22 Thus, disruptions to either the actin cytoskeleton or processes which regulate cargo sorting to Rab11-recycling endosomes can result in similar functional outcomes and potentially similar phenotypes at the organismal and cellular level. Whether the observed endosomal deficiencies are due to altered trafficking along actin filaments or directly via cargo sorting is an open question for further research. Additional studies on KIAA1109 protein function are required to determine if this protein binds to actin filaments or vesicles or both.
Endocytosis, actin cytoskeleton nucleation and stability, and ciliary homeostasis are all interconnected processes, dependent upon each other to maintain cellular homeostasis. While we observe alterations in each of these pathways, it is difficult to predict a single function of KIAA1109 that could result in these cellular phenotypes and cause the systemic and neurological deficits observed in patients with biallelic KIAA1109 deleterious variants. KIAA1109 protein carries two predicted transmembrane helices in the N-terminus, and in silico predictions of conserved functional domains in the C-terminus remain to be functionally validated. Given the size of KIAA1109, it is possible it functions as a scaffolding or docking protein, linking effectors of the endosomal pathway to the actin cytoskeleton for transport and/or cargo sorting. It is possible that the function of KIAA1109 is similar to its ortholog tweek in that it contributes to the regulation of PIP metabolism and conversion among the mono-, bi-and tri-phosphorylated forms of this lipid, which underpins a variety of signaling pathways and cascades. 39, 40 Mutations in the WASP family of proteins and their known interactors do present with neurologic phenotypes, however these are generally later onset or degenerative disorders rather than developmental disorders. 41e44 Thus, we predict it is likely that KIAA1109 functions upstream of these complexes, influencing pathways that converge on WASP and retromerbased endosomal sorting while also having ripple effects into broader actin structure, resulting in a more severe neuronal migration disorder phenotype.
In conclusion, we have described clinical findings associated with KIAA1109 biallelic variants that is in agreement with previous work 1 as well as identified novel missense and nonsense alleles in this uncharacterized gene. We observe altered endocytosis, ciliary dynamics and F-actin structure in patient cells. Each of these interconnected cellular functions likely contributes to the etiology of KIAA1109-associated neurological and systemic phenotypes seen in our patients and other reported individuals. Our observations underscore the importance of endocytosis and vesicular trafficking in neurological disorders and have generated additional hypotheses for the cellular function of human KIAA1109.
